To clarify the effect of extracellular magne sium (Mg2+) on the vascular reactivity of feline isolated middle cerebral arteries, the effects of slight alterations in the Mg2 + concentration on the contractile and endothe lium-dependent dilatory responses were investigated in vitro. The contractions, induced by 1O-8_IO-s M norepi nephrine, were significantly potentiated at low Mg2 + (0,8 mM v. the normal, 1.2 mM). High (1.6 and 2.0 mM) Mg2 + exhibited an inhibitory effect on the contractile re sponses, No significant changes, however, in the EC so values for norepinephrine were found. The endothelium dependent relaxations induced by 1O-8_10-s M acetyl choline were inhibited by high (1.6 and 2.0 mM) Mg2+. Lowering of the Mg2+ concentration to 0.8 mM or total withdrawal of this ion from the medium failed to alter the dilatory potency of acetylcholine. The changes in the dil-------------
During the past decade, a considerable amount of data has been generated concerning the effect of extracellular magnesium ions (Mg2 + ) on vascular smooth muscle tone and reactivity. Acute with drawal of Mg2 + elevates the basal tone of the arter ies, and contractile responses to various agonists are enhanced in Mg2+ -deficient solutions. Eleva tion of Mg2+ , however, relaxes the smooth muscle and attenuates vasoconstriction (see Altura and Al tura, 1981 ,1984 ,1985 .
From the original observations of Furchgott and atory responses also shifted the ECso values for acetyl choline to the right. The present results show that the contractile responses of the cerebral arteries are ex tremely susceptible to the changes of Mg2 + concentra tions. In response to contractile and endothelium dependent dilatory agonists, Mg2+ probably affects both the calcium influx into the endothelial and smooth muscle cells as well as the binding of acetylcholine to its endo thelial receptor. Since Mg2 + deficiency might facilitate the contractile but not the endothelium-dependent relax ant responses, the present study supports a role for Mg2 + deficiency in the development of the cerebral vasospasm. Key Words: Cerebrovascular smooth muscle-Extra cell ular magne sium-Contraction-Endothelium dependent relaxation-Norepinephrine-Acetylcholine.
Zawadzki (1980), a wide variety of experimental data have proved the utter importance of the vas cular endothelium in the regulation of vascular smooth muscle tone and reactivity (see Furchgott, 1983; Vanhoutte et aI., 1986; Furchgott and Van houtte, 1989) . Acetylcholine and many other exog enous stimuli act upon the endothelial cells, which in turn release relaxing substances (endothelium derived relaxing factor, EDRF), leading to the re laxation of the vascular smooth muscle. Experi mental evidence shows that the release of EDRF is dependent on the extracellular calcium (Singer and Peach, 1982; Kovach et al., 1990 ; for recent review, see Adams et aI., 1989) . However, the influence of Mg2+ on the endothelium-dependent relaxation is still not clarified. Altura and Altura (1987) showed that acetylcholine-induced relaxations are attenu ated by Mg2 + deficiency in the coronary artery of the dog.
Since Mg2 + might exert its actions both at the level of the vascular smooth muscle and endotheli um, in the present study we compared the effects of slight alterations of Mg2 + concentration both on the contractile and on the endothelium-dependent dila tory responses of isolated middle cerebral arteries from the cat.
METHODS
Cats of both sexes weighing 1.9-2.8 kg were anesthe tized with sodium pentobarbital (Nembutal, 30 mg/kg i. p. ) and exsanguinated via a femoral artery catheter. Micro surgical methods and a Zeiss operation microscope were used to remove and clean the middle cerebral artery. Care was taken to avoid stretching or injuring the vessels. The integrity of the endothelium was confirmed morphologi cally.
One to 3 mm long vessel segments were placed on two L-shaped stainless steel specimen holders (0.1 mm in di ameter), one of which was attached to a Grass FT03 (Grass Instruments, Quincy, MA, U. S. A. ) force trans ducer. The preparations were immersed into a tissue chamber containing Krebs-Henseleit solution of the fol lowing composition (in mM): NaC!, 119; Kc!, 4.6; CaC! 2 '
1.5; MgClz, 1.2; NaHC03, 15; NaHzP04, 1.2; glucose, 6; aerated with a gas mixture containing 95% 0z and 5% COz' The temperature of the solution was kept at 37°C, and the pH was 7.4 (Hogestatt et aI. , 1983) . The vessels were incubated for 90 min at a tension of 400 mg. All measurements were carried out in the presence of 5 x 10-6 M indomethacin and 5 x 10-7 M propranolol, to block the production of cyclooxygenase metabolites and l3-receptor activation, respectively. The MgZ + concentra tion of the Krebs-Henseleit solution was adjusted (to 0, 0.8, 1. 6, and 2.0 mM) by altering the NaCI concentration, thus the isotonicity of the solution was maintained at nor mal. The vessels were incubated for 25 min at each MgZ + concentration applied. Then, cumulative dose-response curves for norepinephrine were obtained. For the dilatory responses, a stable and near constant precontractile tone was induced with 10-6 M norepinephrine. Since the changes in the Mg2 + concentration altered the contractile ability of the vessels, a higher concentration of the con tractile agonist was necessary at high Mg2 + . The follow ing drugs were used: acetylcholine chloride, indometha cin, propranolol hydrochloride (Sigma, St. Louis, MO, U. S.A.), and norepinephrine (Gedeon Richter Chemical Works, Budapest, Hungary). Analysis of variance was used for statistical analysis of the data, and a difference was considered as significant if p < 0.05.
RESULTS
The contractile responses to norepinephrine were significantly potentiated at lowered (0.8 mM v. the normal, 1.2 mM) Mg2+. At elevated Mg2+ (1.6 and 2.0 mM), a strong depression of the contractions was observed (Fig. 1) . No significant changes in the 50% effective concentration (EC50) values for nor ephinephrine were observed compared to the re sponse at 1.2 mM Mg2+ (Table 1) .
At the normal Mg2+ concentration 0.2 mM), ace- tylcholine dilated the norepinephrine-precontracted vessels, bringing the vascular tone to the level be fore the precontraction. When Mg2 + was lowered to 0.8 mM, or in Mg2+ -free medium, the dilatory responses were not altered. When the Mg2+ con centration was elevated, however, a depression of the endothelium-dependent relaxations was ob served (Fig. 2) . This inhibition was accompanied by a shift to the right in the 50% effective dose (EC50) value for acetylcholine (Table O .
DISCUSSION
In the present study, the effects of alterations in Mg2 + on the cerebrovascular contractile and endo thelium-dependent dilatory responses were studied in vitro. The changes in the extracellular magne- EC50 values are means ± SD of 11 (for norepinephrine) and 13 (for acetycholine) arterial segments. ** Indicates significant difference compared to the response observed at 1.2 mM Mg2+ (p < 0.01). sium concentration were relatively small, and mostly in the physiological range, since physiolog ical plasma and cerebrospinal free fluid Mg2 + varies normally between 1. 2 and 0. 8 mM. Furthermore, Mg 2 + concentrations lower than 0. 4 mM can be measured in various pathophysiological states (Rude and Singer, 1981; Altura and Altura, 1984; Scully, 1986) .
The present results showed that even such slight changes in the extracellular magnesium concentra tion significantly influence contractile responses to norepinephrine, without any significant change in the ECso values. Thus, we conclude that Mg2+ ex erts its effects on the cerebrovascular smooth mus cle contractions by modification of the calcium availability of the contractions, rather than by a modified binding of norepinephrine to its receptor on the smooth muscle.
The present study also showed that elevation of Mg2+ caused a dose-dependent inhibition of the acetylcholine-induced cerebrovascular relaxations, whereas lowered or totally omitted Mg 2 + did not affect the response. Since the elevation of Mg2+ inhibited the acetylcholine-induced relaxations with corresponding changes in the EC so values, we as sume that in this action of Mg2 + , an inhibition of the binding of acetylcholine to its receptor on the en dothelium might play an important part. A wide variety of experimental data suggest a role for Mg2 + deficiency in the development of ce rebral vasospasm (for a review, see Al tura, 1981,1984) . A major part of the experiments, on which these hypotheses are based, had been performed before the original observations of Furchgott and Zawadzki (1980) . Thus, the integrity of the endothelial layer has not been examined in most cases. Although our knowledge about the en dothelial regulation of the vascular tone was ex panded in the last decade, the experimental data about the Mg2 + -regulation of the endothelial func tion are still controversial. In the present study, we found that the acetylcholine-induced endothelium dependent relaxations are sensitively modulated by Mg2 +. In their previous work, Altura and Altura (1987) showed that acetylcholine-induced coronary relaxations are inhibited by Mg2 + deficiency, sug gesting a role for Mg2+ deficiency in coronary spasm. Considering the fact that in the cerebral ar tery, at lowered Mg2 + , the contractile response to norepinephrine is potentiated, whereas the dilatory response is not altered, the present study supports a role for Mg2 + deficiency in the development of ce rebral vasospasm.
